Species may become obligate cooperative breeders when parents are unable to raise their offspring unassisted. We measured the daily energy expenditure of mothers, helpers and offspring during peak lactation in cooperatively breeding meerkats Suricata suricatta using the doubly labelled water technique. Lactating mothers expended more energy per day than allo-lactating subordinate females, non-lactating females or suckling offspring. Metabolizable energy intakes of lactating mothers were calculated from isotope-based estimates of offspring milk energy intake, and were not significantly different from the previously suggested maximal limit for mammals. Allo-lactating females were the only category of animals that lost weight during the period of study, probably because they spent more time babysitting than non-lactating females. Daily energy expenditure (DEE) of lactating mothers increased with litter size but decreased with the number of helpers. Calculations show that for every 10 helpers, even in the absence of allo-lactators, mothers are able to reduce their DEE during peak lactation by an amount equivalent to the energy cost of one pup. These results indicate that helpers have beneficial energetic consequences for lactating mothers in an obligate cooperatively breeding mammal.
INTRODUCTION
In cooperatively breeding species, young are raised by their parent(s) and assisted by a variable number of helpers (Stacey & Koenig 1990; Solomon & French 1997) . In many of these species, parents are capable of breeding without helpers, but in a few, breeding is typically unsuccessful in their absence. One hypothesis for the occurrence of obligate cooperative breeding is that, following the evolution of cooperation, selection for female fecundity (and hence the energy required for reproduction) has increased such that breeders are unable to raise their offspring without help (Creel & Creel 1991) . This hypothesis predicts that: (i) the daily energy intake of breeding females is high; (ii) helpers invest substantial amounts of energy in raising young; and (iii) the presence of multiple helpers reduces the energy costs to breeding females.
In this paper, we attempt to test whether or not these predictions are corroborated in the obligate cooperatively breeding meerkat Suricata suricatta. Meerkats are small (less than 1 kg) diurnal social carnivores that live in groups of 2-30 in arid regions of Southern Africa. Most reproduction is secured by a dominant female who produces up to four litters per year of one to eight pups per litter (Russell et al. 2002a) . Our analysis focuses on the period of peak lactation when pups are 21-25 days old, still at their natal burrow and whilst they are still dependent on milk for all of their nutritional requirements. During this time, helpers do not bring food to the pups or to the breeding female, however, helpers do guard pups at the natal burrow (Clutton-Brock et al. 1998) . In addition, female helpers may also lactate to the dominant female's pups, most commonly when they have lost their own litter, although they also appear to lactate spontaneously (T. H. Clutton-Brock, A. F. Russell and L. L. Sharpe, unpublished data) . Allo-lactators are defined here as females that had not given birth, but that showed enlarged nipples, from which milk was able to be expressed.
METHODS
Fieldwork took place during the breeding season (September 1999 to February 2000 and September to December 2000) on ranch land near Van Zyl's Rus in the South African Kalahari (25°58Ј S, 21°49Ј E). The area consists of sparsely vegetated sand dunes and river terraces, on either side of the dry Kuruman riverbed. Data were collected from 11 habituated groups ranging in size from 5-30 individuals, which occupied home ranges of 3-8 km 2 . Animals were habituated to the researchers, visited daily, individually marked and at least one member of each group had a radio collar. Consequently, it was possible to locate a target animal at a desired time. Measurements of body mass were possible as the animals were trained to stand on electronic balances (Clutton-Brock et al. 1998). Target animals were captured in canvas bags and anaesthetized (intramuscularly with 0.08 ml kg Ϫ1 ketamine hydrochloride and 0.06 ml kg Ϫ1 dormitol). An antidote anaesthetic (antipamisol hydrochloride 0.06 ml kg Ϫ1 ) was administered before they were released. Offspring were not anaesthetized. Statistical analyses were performed using Minitab 12.1 software (McKenzie & Goldman 1998) unless otherwise indicated. All means are presented ± s.d.
(a) Doubly labelled water protocol
We measured the daily energy expenditure (DEE) of six lactating dominant females (710-901 g, 2-7 years old), six subordinate female helpers (632-799 g, 1-2 years old) that were not lactating, three allo-lactating subordinate females (675-805 g, 1-2 years old) and six pups (87-124 g, 21-25 days old) during peak lactation using the doubly labelled water (DLW) technique (Lifson & McClintock 1966; Speakman 1997) . Dominant females, allo-lactators and pups were measured at separate times, providing 15 instances in which breeding was observed. Three of the non-lactating subordinate females were measured concurrently with dominant lactating females, and three were measured during separate breeding events. Hence, the total number of times that breeding groups were observed was 18. We measured DEEs during peak lactation because it is generally the most demanding period of mammalian reproduction (Gittleman & Thompson 1988) .
On day one, the animals were weighed (±1.0 g Sartorius balance), and a 0.5 ml blood sample (0.2 ml in offspring) was taken from the jugular vein (cephalic vein in pups) to estimate the background isotope enrichments of 2 H and 18 O. Blood samples were collected in 2.5 ml heparinized vacutainers from which 3 × 100 µl glass capillaries were immediately filled and heat-sealed. Afterwards, a known mass of DLW (2.3 parts 90% enriched 18 O water (Enritech Ltd., Rehovot, Israel) and one part 99.9% enriched 2 H water (MSD Isotopes Inc., Pointe-Claire, Quebec, Canada)) was administered (intraperitoneally, 0.3 g kg Ϫ1 body weight). Syringes were weighed before and after administration (±0.001 g, Sartorius balance) to calculate the mass of DLW injected. Blood samples were taken after 1 h to estimate initial isotope enrichments. Adults remained anaesthetized throughout this duration. Following release, final blood samples were taken after 24 h in offspring and after 4-7 days in adults to estimate the isotope elimination rates (Speakman & Racey 1988) .
(b) Determination of isotope elimination curves in adults
There were no previous data on isotope elimination rates in free-living meerkats, therefore we determined adult elimination curves of 18 O in three subordinate males of similar age and weight to the measured subordinate females (600-763 g, 1-2 years old). A blood sample was taken to calculate background isotopic enrichments. The animals were then injected with DLW and an initial blood sample was taken before release. Animals were recaptured and blood sampled after 3 and 6 days. Elimination curves of 18 O were estimated from the decrease in isotope enrichment measured from the blood samples. These results indicated a half-life of elimination for 18 O of less than 4 days. Hence, we concluded that an optimum time to sample final isotope enrichment was greater than 4 days post-dose.
(c) Isotope analyses
Capillaries that contained blood samples were vacuum distilled into Pasteur pipettes (Nagy 1983 the labelling isotopes from the blood were produced from the resulting distillate by small sample equilibration with CO 2 of known isotopic composition and by reduction with LiAlH 4 , respectively (Speakman 1997; Ward et al. 2000 (Speakman 1997, eqn 7.17) . DEE was calculated using a computer program that took into account the effects of small deviations from 24 h for the sampling intervals and the effects of mass changes on body water pool size over the experimental period (Lemen & Speakman 1997) .
Previous research has shown that isotope recycling between the lactating female and dependent offspring is unlikely to introduce errors into the estimate of maternal metabolic rate, but may have large effects on estimates of water turnover and energy expenditure estimates in suckling offspring (Scantlebury et al. 2000a) . Therefore, adults and offspring were labelled at separate times and only one pup per litter was labelled, with another sampled as an unlabelled control to correct for any effects of isotope recycling. There was no significant increase in enrichment of either isotope in the six unlabelled pups of six litters (mean change = Ϫ2.4 ± 7.67 ppm, Wilcoxon matched-pairs signed-ranks test, Wilcoxon statistic = 5, p Ͼ 0.05 for 18 O; and mean change = Ϫ8.8 ± 33.6 ppm, Wilcoxon statistic = 6, p Ͼ 0.05 for 2 H). This compared with average decreases in enrichment of 192 ± 46 ppm (T = 0, p Ͻ 0.05) for 18 O and 85 ± 28 ppm (T = 0, p Ͻ 0.05) for 2 H in the six labelled pups. Hence, we concluded that isotope recycling between pups was negligible and that no corrections to estimates of DEE were required.
(e) Milk production and milk energy output Milk samples were obtained from anaesthetized dominant lactating females (which had not fed their pups for at least 8 h) and facilitated by an injection of oxytocin (0.3 IU kg Ϫ1 (intramuscularly)). Milk was expressed from all nipples, and all glands were evacuated as fully as possible (Oftedal 1984) . This produced 1-2 ml of milk per female. Milk water content was determined by drying samples to constant weight (at 70°C), and gross energy content was determined by subsequent adiabatic bomb calorimetry (semi-micro calorimeter: 1425 Parr, USA). All females were at the same stage of lactation (21-25 days post partum). Offspring had no access to free water and only consumed milk. Mean offspring daily water efflux (rH 2 O, g d
Ϫ1
) was calculated as (Lifson & McClintock 1966; Nagy & Costa 1980) , where F is the fractionation factor of the isotope (0.941; Speakman 1997).
Offspring milk intake (g d Ϫ1 ) was calculated as (Oftedal & Iverson 1987) , in which total water intake (TWI) = (rH 2 O ϩ G); where G is the daily increase in body water as a result of offspring growth. F D and Pr D are fat and protein deposition (g d Ϫ1 ) and %W M , %F M , %Pr M and %S M are percentages of water, fat, protein and total sugar, respectively, in the ingested milk. We used the measured values of N d to calculate increases in body water space of offspring during the experimental period. We made the assumption that the composition of meerkat milk was similar to that of other terrestrial carnivores (for example arctic fox, striped skunk, domestic cat) with a similar dry matter and gross energy content, collected at peak lactation (we used the mean values ± s.d. for these three species of per cent fat, per cent protein and per cent sugar of 12.7 ± 1.7, 10.5 ± 0.6 and 3.2 ± 0.4, respectively (Gittleman & Oftedal 1987) ). This approximation is justified because the values from the three species above varied very little despite their taxonomic differences, and because the final calculation of pup energy intake does not depend critically on the value of milk composition that we assume. For example, a 10% increase or decrease in fat or protein content of the milk only have effects of 1.5% and 0.5%, respectively, on the calculated milk energy intake of pups. We did not measure deposition rates of fat and protein in offspring. However, we assumed that the change in offspring mass was due to an increase in lean tissue, based on previous measurements of offspring growth and body composition change in domestic dogs at the same stage of lactation (Scantlebury et al. 2000b) . Protein deposition was calculated as the increase in N d /0.8 (Sawicka-Kapusta 1974).
We calculated gross energy intake per pup as milk intake multiplied by milk energy density, and we calculated maternal milk energy output (MEO) as pup energy intake multiplied by litter size. Because mothers and pups had to be labelled at separate times, we could not measure maternal and offspring energy expenditures simultaneously. We used the relationship between the estimated energy intake of the litter and litter size, measured in the offspring energy expenditure experiments to determine MEO for each lactating mother. Hence, the metabolizable energy intake (MEI) was approximated as the DLW measurement of DEE plus the calculated MEO. For lactating mothers, we made the assumption that, except for lactation, they were in energy balance (i.e. no growth, fat storage or use of stored energy). We also assumed that the DEE estimate was robust to recycling (Scantlebury et al. 2000a) and there was no significant loss of energy in any other manner (e.g. non-milk secretions). For suckling offspring, we assumed that errors involved in milk energy transfer calculations were minimal, because there was no significant respiratory exchange of isotopes between pups (which would cause errors in calculations of water turnover (Nagy Proc. R. Soc. Lond. B (2002) 1980)) and that the measured pup from each litter was representative of the rest of the pups from that litter.
RESULTS
(a) Energy expenditure and energy intake of pups Across all 18 monitored litters, litter size ranged from one to six pups (mean = 4.4 ± 1.3). Milk energy averaged 7.43 ± 0.84 kJ gross g Ϫ1 (n = 8 samples). For the six mothers whose DEE was measured, mean maternal body mass, litter size and parity were 828 ± 78 g, 4.8 ± 0.98 pups and 4.2 ± 3.2 previous litters, respectively. Similarly, for the six mothers whose offspring's DEE was measured, mean maternal body mass, litter size and parity were 790 ± 98 g, 4.2 ± 0.18 pups and 6.8 ± 4.5 previous litters, respectively. These pups initially weighed 108 ± 21 g and increased in weight by 6 ± 4 g d Ϫ1 (Wilcoxon statistic = 0, p Ͻ 0.05) and expended 69 ± 21 kJ d
Ϫ1
. Using measures of pup milk intake, the estimated gross energy intake per pup and per litter was 184 ± 48 kJ d Ϫ1 and 837 ± 620 kJ d Ϫ1 , respectively. There was no relationship between individual pup gross energy intake and litter size (Spearman's rank correlation r s = 0.21, n = 6, p Ͼ 0.05). However, the estimated gross energy intake per litter increased with litter size (r s = 0.95, n = 6, p Ͻ 0.05) and was described by the equation: energy intake of litter (kJ d (3.1) (b) Energy expenditure of breeding females Dominant lactating females were heavier than nonbreeding subordinates (Mann-Whitney U-test, W = 3, n = 6,6, p Ͻ 0.05; table 2) and did not change in body mass over the study period (Wilcoxon statistic = 6, p Ͼ 0.05). Residual DEE (from the least-squares regression on mass) was positively correlated with litter size, and negatively correlated with the number of helpers, when these variables were entered as covariates (ANCOVA, F 1,3 = 18.21, p Ͻ 0.05 for litter size and F 1,3 = 22.63, p Ͻ 0.05 for number of helpers). MEO and MEI values are shown in table 2. MEI was not significantly different from the maximal prediction for lactating mammals (Wilcoxon statistic = 4, p Ͼ 0.05) (Weiner 1992) .
(c) Energy expenditure of helpers
The number of helpers over six months varied from 3 to 18 (mean = 10.2 ± 5.1). Although helpers were lighter than dominant females (table 2), there was no difference in body mass between subordinate non-breeding females and allo-lactating subordinate females (Mann-Whitney, W = 14, n = 6,3 p Ͼ 0.05). During the study period, lactating mothers and non-breeding female helpers did not change significantly in body mass. However, allo-lactating females decreased in mass by 8 ± 2 g d Ϫ1 (paired t-test, t = 8.69, p Ͻ 0.05). Mean DEEs of subordinate nonlactating and allo-lactating females were significantly lower than dominant females (table 2) (Mann-Whitney, W = 3, n = 6,4, p Ͻ 0.05 and W = 0, n = 4,3, p Ͻ 0.05 for non-lactating and allo-lactating subordinate females, respectively). However, these values were not significantly different from the allometric prediction for same-sized free-ranging eutherians (Speakman 2000, eqn 4 ; table 2), and differences were not significant when body mass was included as a covariate (ANCOVA F 1,9 = 0.08, p Ͼ 0.05). In contrast to dominant lactating females, DEEs of subordinate females were significantly less than the prediction for maximal energy budgets for same-sized mammals (Wilcoxon statistic = 0.0, p Ͻ 0.05) (Weiner 1992) .
(d ) Effect of helpers on energy expenditure of dominant females There was a negative relationship between the residual DEE of dominant lactating females (from the leastsquares regressions on mass and litter size) and the number of helpers. The least-squares fitted regression residual DEE = 235 Ϫ 26.6 × number of helpers, (3.2) explained 90.3% of the residual variation (F 1,4 = 37.1, p Ͻ 0.01; figure 1 ). By contrast, there was no relationship between the residual DEE of subordinate helpers (from the least-squares regression on mass) with number of helpers or litter size (ANCOVA, F 1,4 = 0.15, p Ͼ 0.05 for number of helpers, F 1,4 = 0.06, p Ͼ 0.05 for litter size).
DISCUSSION
Although DEEs of dominant lactating females were close to allometric predictions for same-sized free-ranging eutherians (Speakman 2000, eqn 4) , calculated values of MEI were not significantly different from maximal suggested limits (Weiner 1992 ive breeding may be associated with females investing close to maximal amounts of energy in their offspring. Limitations are unlikely to act on the energy expenditure of lactating females, because the observed values of DEE were not high compared with other measurements of field metabolic rates of free-ranging mammals (Nagy et al. 1999; Speakman 2000) . However, limits may act on the mothers' ability to assimilate sufficient energy, or to produce enough milk, as has been observed in laboratory mice Mus musculus (the 'central' and 'peripheral' limitations hypotheses (Weiner 1987 (Weiner , 1992 Hammond et al. 1996) ).
Contrary to our expectations, DEEs of allo-lactating and non-lactating subordinate females were not significantly different, possibly because of the low sample sizes. As a result, we were unable to assess the effects of allolactation on DEE. However, during the study period, allolactating females decreased in mass, while the other categories of animals (dominant lactating females and nonlactating subordinate females) did not. This mass loss was equivalent to an energy deficit of 264 kJ d Ϫ1 , or 35 g milk d Ϫ1 (assuming an efficiency of milk production from body reserves of 0.85 (Commonwealth Agricultural Council 1980; English 1985) ), which is potentially enough resources to support at least one extra pup per allolactator. Bearing in mind that babysitting and personal foraging are mutually exclusive activities (Clutton-Brock et al. 1998), one possible explanation as to why allolactators lost weight during the week of peak lactation is that they may have babysat more than other categories of females did. Using a larger dataset collected from the same site and on the same groups but over a greater time period (1997-2001 inclusive) , we found that allo-lactators did indeed babysit more frequently than non-lactators of a similar age during the period of peak lactation (figure 2). Allo-lactators had not given birth, but were more likely to have aborted litters, be in good condition and be closely related to the dominant pair (T. H. Clutton-Brock, A. F. Russell, L. L. Sharpe, unpublished data). If an allolactator can provide enough milk to feed an extra pup, allo-lactation may be one of the most significant ways in which helpers could assist dominants in reproduction. However, why allo-lactators should not only provide milk to offspring of the dominant female, but also guard their pups frequently, may be viewed as surprising. There are several potential explanations. For example, if helper contributions are dependent on their body condition, allolactators may babysit more because they are in good condition or in better condition than other group members. In addition, the most effective time for allo-lactators to provide milk to offspring may be during the day, as dominant females will provide milk during the night. Alternatively, it may be possible that intensive babysitters are simply suckled more frequently, and that the action of suckling itself stimulates lactation (Wilkinson 1992) . Moehlman & Hofer (1997) describe two extremes of helper effects in cooperative breeding systems. Given assistance from helpers: (i) the breeder's input remains unchanged and allo-parental care leads to an increased amount of food being received by offspring; and (ii) the breeder's input decreases and the total amount of food received by offspring remains largely unchanged. Hatchwell (1999) suggested that helpers should cause reductions in parental investment rather than increases in offspring food acquisition when fitness benefits from this strategy are greater. Comparative evidence from birds showed that helpers were associated with reductions in parental investment when offspring mortality was low and presumably little benefit would be derived by the provisioning of extra food to offspring (Hatchwell 1999) . In our observations, although the DEE of helpers was unaffected by the number of helpers, the DEE of lactating mothers was lower in the presence of many helpers. Our results thus indicate, for an obligate cooperative breeder during lactation, that non-lactating helpers primarily serve to reduce the DEE of lactating mothers (see Creel & Creel 1991) . This suggestion is supported by the fact that increased numbers of helpers do not significantly affect pup mass around the time of weaning, but do influence maternal mass around the time of the mothers' subsequent conception (Russell et al. 2002a) .
In meerkats, helpers may provide energetic contributions to reproduction in several ways. For example, many helpers may simply reduce the thermoregulatory costs of the group overnight (Russell et al. 2002b ), or they may increase the feeding rate of the dominant female by their contributions to sentinel duty whilst she is foraging (Clutton-Brock et al. 1999) . In larger groups, there are also a greater number of older, more experienced babysitters that may allow dominant females to become emancipated from babysitting duties (Clutton-Brock et al. 1998) . However, perhaps the most dramatic way in which helpers assist dominant females is allo-lactation. Using the larger dataset outlined above (see also figure 2), we found that the number of subordinate lactators that provide milk to the pups of the dominant female increased with the number of females in the group over the age of one year (figure 3). Future studies should investigate the relative importance of these alternatives for subordinates' contributions to breeding.
The predicted DEE of lactating dominant females without helpers was 235 kJ d Ϫ1 above the measured average (equation (3.2) ). This compares with a cost per individual pup of 202 kJ d Ϫ1 calculated for a lactating mother. Therefore, an average of 10 helpers would potentially enable a typical breeding female to reduce her own DEE, whilst maintaining maximal MEI, and thereby support one extra pup (assuming a milk production efficiency of 85% (Commonwealth Agricultural Council 1980; English 1985) ), resulting in a litter size of four; a 25% fitness bene-fit to the breeding female. It is important to bear in mind that these values were recorded for groups in the absence of allo-lactators. If the effects of allo-lactators are included, the energetic importance of helpers to dominants is likely to be even more significant. These calculations assumed that mothers were in energy balance, and that the water turnover and hence milk consumption estimates in offspring were accurate. We are confident that these conditions applied, as we observed no significant change in maternal body mass over the study period, and measured no isotope recycling in offspring.
In conclusion, Creel & Creel (1991) suggested that some mammals might be obligate cooperative breeders because of energetic constraints. This hypothesis predicts that: the daily energy intake of breeding females is high; helpers invest substantial amounts of energy in raising young; and the presence of helpers reduces the energy costs to breeding females. Although it is difficult to test these predictions definitively without experimental manipulation, our results are consistent with these predictions. First, we found that MEI values of dominant mothers during peak lactation were close to allometric predictions for maximal energy intake (Weiner 1992) . This indicates that mothers were energetically stressed in an attempt to produce enough milk for their growing offspring. Second, although the energy throughput of helpers was significantly less than that of dominants, allo-lactating helpers lost weight and were likely to have provided significant quantities of milk. Third, non-lactating helpers allowed dominant females to reduce their DEE during peak lactation, and hence channel more of their resources into milk. Helpers may have achieved this by relieving dominant lactators from babysitting (Clutton-Brock et al. 1998) , by improving their foraging efficiency (CluttonBrock et al. 1999) and by reducing their (or their pups') thermoregulatory costs at night (Russell et al. 2002b) . Hence, the contributions of helpers are significant as they may not only allow mothers to breed more frequently (Russell et al. 2002a ), but may also allow them to raise more offspring (this study). The challenge for the future will be to determine the effects of helpers on the nature of the fitness functions of breeding females as well as for their offspring.
